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Colnposites” tire incrtwing,ly a p p l i e d  for f:tl)ricati(m ot” i’racturc-cl itical slructuws arid thtiil Sllt)colill>otlcIlts”

will] yr;iphitc/c.poxy  as ttw m o s t  widely USC(J  m a t e r i a l  i n  ailcrxft str-Lwturcs. ‘1’hcw  m a t e r i a l s  provi(lc :in e. ffdivc

comhillation  of tough ntiss, spdcific  strct)gth, m(duills a n d  dalw+:e  tole]anc  t:. 1 lowcvcr,  co]nposilcs are v e r y

st,nsitivc t o  t h e . i r  l]l:(t]~lfitct~lrir]g  [)roce.sscs,  scl-\~iut:  c.otiditions” and  the Il;ltulal eIlviro]ll)wmt,  e i t h e r  o n e .  01 all of

\vhich  Illily  i n t r o d u c e  de fvcts resulting in a sc.rious  dt:gradati(m of ttw nwtcl ial. E’urlhcr, as these’. Itmtelia]s age,

thL..]I” pl’opL!lti  L’S  UrCs.  dt~~l’tllk’d  ~Ild it hcXoll)L’S  ll]~lt’;lsi]l~l~  (’]lt]C~(l t o  lloll(]dStI”  L!~ti\’L’]~  L~v~t]lldte tht~[[l for k’.p{+lr or

I’L:;M

Ultlds(mics ot’fcr ttw most caphlc  insp~ction techno logy”  ;Itd sc’.vwtil recently dL!vtiloI)cd  twhni(lum appear
to Itaw (Itc p o t e n t i a l  ()!’ signi!ic:[nt]y i m p r o v i n g  tk st;ttc - of- the - :tr[ in hll)I 1 tc~chnolo:y. }’:lr-ticlllal Iy capable

i s  IItc,. Ic::tky  1.:lr))h  W:IVC:  (1 ,1 ,W) tc.chrliq  Lrc, i n  w h i c h  a specirt]crl  is ir]]r))ct  d in \v;(tc. r is tcstd by t w o

I)rowlh:lncl  u l t r a s o n i c  t r a n s d u c e r s  i n  d pilch - C:ltch ttr”l:lrl:t’lllt”l)t. II) t h i s  nkthod,  :1 v:tr icty 01 w’avcs  arc!
:c~rlc>r.+,tt.(l  ~itl]i!) t]]e, spe~il]]L:n  ;LIICI  c:IL.11  ot” tl]~:s~. \v:Ivc~s  c;lrl ic.s s[)~,  cific inik)r[lldtiorl on the chutactt,r istics O f  the.

rn:ltc’i ial. Caret’Lll  m:ilysis of the r e c o r d e d  wuvcfr)rms  ctlrl, ilt p r i n c i p l e ,  Ur]r-;{vel  this inti)rnl:{tior)  [ 1 -3J

‘1’lllt (J1/”1’R,iSONl(:  lXl)Itl{lhlt;N’l’
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TRAN EIVER

I TEST PLATE I

TRANSMITTER RECEIVER

‘1’IIc tent:-hulst  si:nals are gcncriited by a tunction :cnc>rator  11 P8116A to establ ish a sttwdy-state. cwldition. At

spcciflc ring, ]es o f ”  incidence  the. r’vtlc!ctcd Sigll:ll iS rcc’OId~d  a s  i i  !Llnctiot’1  o f  t’1’cqllc’llcy.  ~lIl[)lifiCX],  avc.lti:d d

di:itiz,cd w i t h  [hti  Hid o f  w] SK+ ydt~d  itl[e:, mlor. “1’hc at)][]litltclc  sl)LctrLIIl]  ofthc rwtltctd signdl isohlaincd b y

Chilrlgillg the frequency of the tone-burst siyntll ()\rcr  the iridividua] trdnsdmkm’ ci’kctive. spcclr:il mnge. F o r

:III}IIC: of incident, (), that aI-ts.  :reatcr th;in ce. rkiin crit ical  V: II LIC.,  il)ulti-n)od:il disp~. rsivc. ~,riide.d \vavcs  arc in(lucccl

i n  Ihc  spccinkm  at a iinitti  n u m b e r  ot spec i f i c  trqucncit’s ot excitation. ‘Ilk. guided wdvt’s propti~:ltc  i n  :1

d i r e ’ c t i o n  pilrillldl to Ihc surfiws of the spccill)L>ll and Ic:ik  c]lcryy into lhc sul-r-ouuding  fluid. ‘1’he Icnky  Waves

irltc’rk:rc  w i th  the spLIcult{Ily  rellmld w’avti  to forln n)inilnd o r “nu l ls ”  in  the alllplitudc sl)cctra  of ttlc rcflcctd
,.

sl~n:il ut the modal  lrcqtwncles 01 the ~;uldd wdvc’s. 3“hc phnsc  vc]ocity, V ,  ()!thc,.  y,uidcd  W:{vcs is rdatd to

tht’  dt)ylc. ofinci(lerwe, 0, thr(mgh Sncll’s l a w :

v = clo/sino

‘1’}IL’ basic  idc;l hchind the. tt’~hni([uc 14] is to ohtairl the c:xl)critllc’llt:ll  I .1 .W disprsion cur~ws k)t” tht: test

spLh~it]k’tl  for w h i c h  the thcowlicdl  dispt,wiol) L’urvcs L;tn  hc dL’tcrl)]in  Ld usiny t h e  L’Xl)CL’ICd  tivc  stif’lrlcss

cx)tlst;ltlts  of the spc’L’imc’n. ‘1’ht’n,  [ht’  s[k’L”lillC’11  \tlfflrC’Ss  L’or~st~lnts ;IIC dC’tL’lll)inCd (’ollslstt’11(  h~ “ht~st fit”

h.’t\vL%’ll thd. tht’ort!tl~;ll d l~~L’.ilstlI’Ld ~L1l’vL>s. A s  :Ir} .’x;til)pl.), :1 Llt)iciilc:ctiot)[li  I  lnlll thickllws glit[)llitt:/c![)oxy

lilll)llliltL>  VVWS  tested both experinkmt:llly  :[nd thc$orctic;tily  t’or- wives pl-opxy:ltiny dt O’, 4 5[’ and 90” to the titwrs.

‘1’lk nmlt’ri:ll consl; lnts w e r e  tlctc’rl]lin~,cl  trom ini,c’rsion slid ll]L”y :Itc’ :1s tollotvs:”

(JVL’lilll,  the diltil  ot)t;lincd tor Litliclil”c:utiol)ill,  cross-ply :Illd LIll;lsi-isotrol)ic”  s,,r;l[)l)itt;/t:[)OXy Ianlimtw w’crc
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docu  IIk,IItdd  i n  t h e  litemturc  and h a v e  showJn  a VL:I y  good”  tit I)utwccn  t h e .  II)  LWSNIed  :ind c:ilculakd  dispc.rsion

curves [4-5 ]. }Iowever, the relation hctwem the ctilculattd wave sped and the unknown stiffness constants is
hiphly nonlinear and the solution” to the inversion prohlcln is nonuniqou. In addition, each stifhlcss constarlt has

a diffc’rent intlutmc.e on the clisl)cls  ion curves, and this can affect the accuracy of its estinlakxl value. Data
c’] [01s also play an i]llpol tallt role in the, invtirsion algorilhlll. ‘1’hc.w issues htive not hcul cart-fully studied.

A  dt’taild and  systentatic  p a r a m e t e r  s[mly w:is carritd  OLlt to cltterlnint>  tlw in flot>nce  of the. fjve s t i f f n e s s

constw)ts  on tlw dispersion curves. The authors examined both the sy)llnwt] ic and antisyrnnwtric 1.timh  wave

II IOCIL+  for wave propagation at 0°, 45° ad 90” to th~’. fit)LTS. Chfingus i n  c22,  c2,,  c55 h a v e  ShOWIl  a S[tOIl~

i n f l u e n c e  o n  all mocks  of the dlslwrslon cur-ves, \vhile cl, on ly  affected the, {irst syn~mctric rnodc  at the h i g h

v~’locit  y m)~e. Tests  at the high vclocit y r-ttng,e require.s SIMII incidtmce angles  ( < lCY’) which are difficult and

t]]]lL!-~[)I]Sl!l]lil)~  to sd ex~erin]t’llt;llly,  d t]lt!  d.l[OI”S ill lo@ti])~ th~. l~liIli]l)fi  it) the dis])ersi~r~  c~lrve.s  art’. ]~r&

JOT theI,  thr. constant Clz CIOCS not smm to have si~nificant intlwmcc on any of the. modes.  ‘1’bus, practically only

thwc constants c:?, r’~l, and C$$ can 1X dt:te.rmined  accurately from the disl)ersion curves. V’hc authors e.xalnined

tllL!  !k>;lSlhl\lty  o f  tlsin~ tlllk?-doll~fill~  d;lta  IIs ;In ~lt~.1’l~atlv~ t~chniqll~ to  obtair] ~lC~llI’;lk  ~stilll<{t~s  o f  i~[l five.

c o n s t a n t s  ;Ind,  at the stinw tinw, is s impler  to  inlplc.nlcnt both in the lal~or+ktory” and in iicld wrvirontiicnts.

C}lA}{AC”J”J:RIY,  A-J’ION O1; “1’}IE  MA”I’ERIA1. CONS-I’AN7’S FROM “1’lh41i-IX)hlAIN IJA3’A

lhy ilw(wy  - C o n s i d e r  a  Lllliclilectio[l;tl  c o m p o s i t e  plate w i t h  thickl)css  11 alId  dclisity  p imnwrsul  in a fluid a s
shown ill F’ig,. 1. AsstInK that the matrrial is Iwnx)yrnrous and transversely isotropic” with symndry axis

alon~, xl atd characterized hy five stiff ’ncss constants, (“, ,, cl?, c~?, CJ,, anll Cfs. ‘1’he Caochy ’s ec]uatioll of

n)oti on” for tlw nmterifll i s

OUJ - piii  z () (1)

\vlk, Iw I/i is the displacenwn[ vcclor and (Jl, is thL’. strt!ss t e n s o r . Assunw  plane wJa\jL:  solutions of’ (1) in the form

\vl IL>Ic  k], k2 arid  kl I-epre.sent the. wtIvGnlin)hc  I”s ;ilon: tl)c .Y1, .12 a n d  .Y, clircctiolls, r e s p e c t i v e l y ,  and cd is tt)u

~11’L’tl Iill f]dLILleIlcy. From ( l), (2) and the constitutive rdali(ms tor tlic n)dtc:rial  ww obtain the following”

c.igcn\f;llut’.  prohlcm for ulculation of” IllL’, w~a\k’.  spud in it :~ive.11  d i r e c t i o n :

(2)

(3)

(k+k-t;(k’ 1,2,3)
(6)



‘1’ht’ r a y  cliay, ram  for a plant: wave  tramsmittc’d  i n k )  a  ttr)i(litc’ctio{  ):tl colnpositc”  plak is s h o w n  ill I;ig.  Pa.

1  lcrc R“ i n d i c a t e s  the first relleckxl Wfive from the t(q) surface of tlw plate, tl)e  rays labeled 1, 2, 3 ar~
associatd with the thrt.c transmitted wa\ws  inside the plate in a de.crwasiny ordt!r of tlw.ir speeds, the rays

Ialk’lrd 11, 12, ..,, and 33 are  associakd witt] tl)e waves mflccte(l  fron) Ihc bottom” Of the plate, and “1’1, l’Z, “I’a

illdiCiitc the Waves lransmittd into the tluid through the bottom” Of the pl:ite. Frolll Sdl’s krW, the velocities
VL, V, a n d  t h e  aIIgle.s  Ok,  01 in lhe.  d i a g r a m  are rdatcd  through

si:t O sin Ok _ sin O,=_ (8)

ao Vk - - v ,

‘.

1

(a) ( b )

7’\vo  possihlt ray paths Icading to the. sanw point on the recei\’cr  ale skctchcd  in l;ig. 2h. lf wc de]iotc the

dit”tc’rtvl~.t:  i n  t h e  a r r i v a l  tilnd.s  I)ctwkwn  r a y s  along p a t h s  1)0  a n d  0’ R(3 hy  IL,, tlkm [k, can Iw  exprmsed  as

~n (9)
lkl ‘ ‘k 4 ‘1 “

\vhL’1 t’

fI tI }l(h711  Ok + fa)~ O,)siu O
lk’ - t,’- ~[)

vi cm ok ‘ V,mso,’ - - rio

I:rom ( 9 )  a n d  (10),  [k, can he cxpIcssd  a s

[I
‘U = ●  .“::, O ..!i(’c’’’+ faf’o’ki”o”o .!l~;o’ ,?ty”

-l’kcosok , ‘ ,
= w(~ + ?,)

U. k 1

(lo)

(11)



w a v e s  l>rfjp:iyatillg:il{j]lg  the Iibcr (c#J = O’)wiIllc lif ’fL:]~t]t  illuiclcIlt: lI]g,lcss  ll(j\vstt]:lt  t(Jrtt]c12111sc-ccll(](O  : 0’)

L’MC  ~)nly  t h e  l o n g i t u d i n a l  waves exist  so tl~at the’ rcflc.ctcd p u l s e s  are, “1 l“, “ 1 1 1 1 ”  e t c .  A s  the  i n c i d e n t  angled

IIIcIL’ascs,  the,  mode.  crrrlve;-tcd  rt:il~’cld puist’s  bccon]c II IOIC  s i g n i f i c a n t .  W h e n  0 = 8“, all o f  Ihe. pulsts call  be

idcv)tificd clearly. Whcrcms  t’ortl >  ~C(: 8.4°) the pulses  with velocity V, disappear, and the most prominent
]) LIISL!  iS “??”.

Sitkk: thewave speed in a composite n]{lte.rial  is a fLll]cti(JI]  {Jftt]c {)ritillt:tli(JIl@, it is possiblu to have  crit ical

\~alut:s of” O for a fixed value of  0. ~’bus, some. 01 the honmgenms w-Ives  naiy bMOIIIC  evatmsccnt  when tlw
p]opapation mg,le @ is Iar:,cr  or smaller th:{n a ccrtai[]  crilical angle q6C.

‘I’l IL’ ltS[)L’1’iIllL’lltill l’rocwhm - Rascxl on the above theory, an cxpcrimmttil proceclul-e  was fc~nl}ulate.d  to

dctur  nlinc the five sti{fness constants.

a) l’ulsc-e.cho  expwinwnt - In this CMM, ~1 z ~, = 0, so that floIll (4)-(7)

a n d  t h e  col-l.t:s[>onclillg,” cigcnvectors  tor r,, (2, and t] art’ (O, O, 1), (O, 1, O) and (1, O, 0). Since only the

I(mgitudinal wave cxin he translnittd into tht! fluid !rom the composite, only the lays associated with (l exist.

IICIKW [IIC. first puke m u s t  he 11, artd its tirti\~al t ime is t,,. FIOIII  (1 1) an~l (12),

(12.)

(13)

“1’bus the pu lse-echo expcrirmmt proviks the comstant  c2?, whtiIc t,, = 16. 8?I /1s. “I”hen,  c22 is found from

( 1 3) to Iw 13.92  /(s, in agreement with thu valllc LIsed in tl]e Ihcwrcticai cnlcul:ttion.

<, = 0, <2 = sin CVao, b, = l/crl, [)2 ‘ l/G’5, t+ = l/a4

an(l

(14)

(1s)

It should bc notd th:lt the ei:mvccl[)r associated  with (2 is (l, O, O), irdic:ltitlg that thr. particlr nmtiorl is

lmrall,l to the tibcrs, I Ind  th is  triinsvcrsc wa\’c: Mn not  Iw tl-ansmittcd into the fltlid. 1 Ic]lcc, tbcrc. is no pulse

US  SO  L’ltlt  L’.d  \vlth  lhL: C o i l ’ L ’ . S i ) ( ) [ ) ( l i ! ] & :  r;ly ]);l[h,  dnd  the  d]”rl~d  p~list’.s  sho~ll(l  hL! in tlk! scqllt~nct:  “ 1 ] “, “ 1 ~“, and

“33”. 11) [his L\xpL>.l’ink’r)t, the dircc’lion ~J is kc’pt tixed and thd incidLllt m~lc is incrcast’d from 0’ until the

lMllsLs “ I I “ and “ 1 3“ can bc idcntif ’icd clLLarly ;Ind I ,, :111(1  tll can hc nlcasurLd. “1’hc constants cj~ and (“~1 can tw

dL’t L’l i]lillLd fl”ol)~ tb(! iolnl(ll~~s,

‘1’hL’n [72 and (2, can Iw c a l c u l a t e d  !rom ( I 6) as I 3.92 G1’:t a n d  6.92 Cil’:1, rqk’cti\’e.Iy

L) ol)liquc! it]so!liti~’;itiotl” w’ith @ Irss  thun  tlw ~ritical :ln:lc ~~u.

(16)



●

(17)

d)  ol>liqm insonification with ~ = O

“]’ht rcnwining t w o  u n k n o w n s  c,, r ind cl~, can hc dctm  Illind troll) this proctdurw. The tilnc of f~ght t,l and

tl~ cnrl bc idmtifid by chmging O f r o m  0 °  to an angle less t h a n  t h e  first c r i t i c a l  angle OC.  “1’hcn ~1 a n d  {2 cm bc

calrulatcd fron~ (6) and cl) and C,z can hc  dt.k:rlnind froln the eqwtiolls,

“1’hc’11,  (’,, a n d  C,q  ale

(18)

Sin~.i, cxpcrilncnt

piolxMLd (o ddte.r”nlirk:  the. rcmainirly constant t,, a n d  (’I?. O u r  caiculati(ms Iiavc sho\\w that the re.llt:ctd fidd

chdn~!t$s siynificantiy mmr the critical an:lc.

w’h  L’l C> //1  : coS  fh, /1~  = sin (/). ‘I”ht!  corlSt{lr~ts  (/I,  ((4, (/s  ~d[l  k! dCI’lvL!d  fl’ol)l  (ht~  krlolv[l  c o n s t a n t s  C’~~,  ~~],  ~s~,

a n d  lhc  rmmininy  u n k n o w n s  (12 a n d  (/3: c a n  k r~’lutt’d  to c1,  a n d  {“, : thI”OLI:Ih  ~.q. ( 4 ) .  III (k critical  cases  @ =

qhu a n d  V  = a,jsin 0. Ht:nce  it’ ww can dt’tctlninc two cr i t i ca l  anylc.s tlom the cxpc.rilllcmt ttkm the u n k n o w n s
~{. af)d ~/,2 cm he c21c H1:{[u1 from a systt’n]  of” lin~vit quati(~ns. In this USC, tht’  two critical angles  are ~, =

5 7 . 6 7 ”  tor o = 15”, anll rj)c = 6N. 10” tf)r 0 : 20” ,  so (hilt q, and (12 c a n  13. ~;~lcul:ltcd  M 1 6 1 . 1 2  and 6.14

Cil’;l., rc’spcctivcly.
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I;ig. 4. lnllucnce of thtt  stiffness constant Ciz on the rcflcctd sigtml.

Iltw)r  /\tliil~sis  - A n  e r r o r  tinalysis  i s  c:irrid  out ill each  stc.p o f ”  t h e

t h e  [i}nc-donl;tin tcchniquc m follows:

h) ol,liqut>  insmilication  with O = 90’” tind it)cidcnt  [mgle O > O“

Wllc!l  L! b~l : Coso  l!M/a(,, 6(, = (tif,, - 6/,,  /2)/1  I . If’ M = :1 0. 1“ and & = 0.02 /(s, ttlcll  (5C2,  = j 0.012 GPa.

c) ohliquc  inscmific;  ttion with r+ less than tht’ critic:ll  :III>IIC.  @C.

d )  ol)lill[lL!  it)sot)if  iciltio[]”  with  $$ = [)”
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